Different models of speciation predict contrasting patterns in the relationship between the dispersal ability of lineages and their diversification rates. This relationship is expected to be negative in isolation-limited models and positive in founder-event models. In addition, the combination of negative and positive effects of dispersal on speciation can result in higher diversification rates at intermediate levels of dispersal ability. Using molecular phylogenies to estimate diversification rates, and wing morphology to estimate dispersal ability, we analysed the influence of dispersal on diversification in the avifauna of Australasian archipelagoes. Contrary to expectations given the fragmented nature of island systems, the relationship between dispersal ability and diversification rate was monotonically negative. While multiple mechanisms could generate this pattern, they all share a phase of range expansion that is decoupled from speciation.
Introduction
The role of dispersal in controlling rates of diversification remains poorly understood. For most traditional modes of allopatric speciation, such as vicariance, an increase in dispersal ability should decrease speciation rates because barriers become less effective in limiting gene flow [1] [2] [3] , resulting in a negative relationship between dispersal and diversification. However, if speciation is predominantly the result of a colonization event (founder-event speciation sensu [4] ), then an increase in dispersal ability should raise speciation rates, because it increases the chances of colonization of new areas. Speciation after colonization can be triggered by founder effects [5, 6] or ecological speciation due to exposure to new habitats and selective pressures [7] [8] [9] . In addition, the relationship between dispersal ability and diversification may not be monotonic; instead, speciation rates may be maximized at intermediate levels of dispersal, as in the intermediate dispersal model [10] [11] [12] . According to this model, lineages with the highest dispersal abilities have lower chances of speciation owing to high levels of gene flow between populations, whereas lineages with the lowest dispersal abilities have lower chances of speciation owing to lower rates of origination of barriers within their restricted geographical ranges. By contrast, lineages with intermediate dispersal abilities experience a combination of geographical expansion and subdivision that results in high speciation rates [1, [10] [11] [12] [13] .
Empirical examination of the relationship between dispersal ability and diversification has been challenging because of the difficulties in quantifying both dispersal ability and diversification rates. Recent studies of birds have found negative, positive and unimodal relationships between dispersal and diversification. For example, in the continental radiation of the Furnariidae, a diverse family of suboscine passerines from the Neotropics, there is a predominantly negative relationship between dispersal ability, as inferred from wing shape, and speciation rates estimated using a calibrated phylogeny [12] . By contrast, a macroevolutionary analysis of all bird families recovered a positive relationship between diversification rates and an index of dispersal propensity based on ecological characteristics [14] . Finally, the avifauna of Northern Melanesia inspired the intermediate dispersal model by showing a unimodal relationship between an index of intraspecific differentiation and assessments of dispersal ability based on behaviour and biogeography [11] .
The discrepancies between these studies may be caused by the differences in the methods used for estimating dispersal and/or diversification. For example, the index of diversification used for the study of the Melanesian avifauna was a count of the number of subspecies and allospecies within each species; because this index does not take clade age into account, it is a measure of clade diversity, not diversification rate. Alternatively, the varied findings across studies may reflect real differences in the relationship between dispersal and diversification. In particular, the degree of discontinuity of the geographical setting may determine the relationship between dispersal and speciation rate [12] . Within continents, dispersal may have a predominantly negative effect because even poor dispersers can colonize remote areas, and increased dispersal results in elevated levels of gene flow across weak or moderate barriers. By contrast, in highly discontinuous geographies like archipelagoes, because range expansion may be a limiting factor, long-distance dispersal may enhance speciation by allowing lineages to colonize new regions and subsequently diversify [11] .
Here, we revisit the relationship between dispersal ability and diversification rates in the avifauna of Australasian archipelagoes with a focus on Northern Melanesia, using new estimates of dispersal ability and diversification rates. Because of the highly discontinuous geography of Australasian archipelagoes, we predict that colonization is a limiting factor controlling rates of diversification, resulting in either a positive or a unimodal relationship between dispersal ability and diversification rates [11, 12] .
Material and methods
The study region consists of archipelagoes east of Wallace's line, including Eastern Wallacea, Melanesia, Micronesia and Polynesia, but excluding islands on the Australopapuan continental shelf. We used a standardized methodology for defining the clades to be included in this study in order to avoid sampling biases and ensure that the clades had diversified mostly in island systems within the study region. We first identified species endemic to Northern Melanesia that had been included in molecular phylogenetic studies. For each of these endemics, we used phylogenetic information to identify the largest clade that included the endemic and did not contain more than one species distributed outside the study region. In cases of incomplete phylogenies, we also used taxonomic information such as generic limits or superspecies complexes to determine whether species not included in the published phylogeny belonged to the focal clade.
We estimated the net diversification rate of each clade as follows:
where N is the number of species in the clade, and A is the stem age for the clade [15] . Some assessments suggest that current taxonomies underestimate true species diversity in the region by considering basal evolutionary lineages as subspecies of widespread polytypic species [16] [17] [18] . Therefore, we assessed the robustness of our results to species limits by also estimating diversification rates using subspecies counts. The number of subspecies in each species was taken from the study of Dickinson [19] .
We estimated the stem age of each clade using a relaxed mitochondrial molecular clock. We obtained sequences of the cytochrome b (cytb) gene or NADH dehydrogenase subunit 2 (ND2) gene for each focal clade and a closely related outgroup from Genbank (www.genbank.gov). We estimated divergence times using Bayesian methods in the program BEAST [20] . Substitution rates were modelled using a GTR þ Gamma model and rate heterogeneity across lineages was modelled using a relaxed lognormal clock [21] . The prior for the overall substitution rate was set to match the distribution of rates observed in mitochondrial sequences of a wide variety of avian groups ( [22] , lognormal distribution: log-mean ¼ 24.6, log-standard deviation ¼ 0.25). We determined burn-in and convergence by examining traces and effective sample size values for model likelihood and divergence time estimates using TRACER v. 1.5 [23] .
Dispersal ability is notoriously difficult to estimate. Here, we assume that dispersal ability in birds is at least partially determined by their flight capabilities. Although behavioural factors may also have a strong influence on dispersal tendencies [24] , behavioural predisposition for long-distance dispersal should be associated with strong flight capabilities, generating a correlation between behavioural, physiological and biomechanical aspects of dispersal. Therefore, we used the hand-wing index (HWI) [25] , a proxy for the aspect ratio of the wing, as an index of dispersal ability. The advantage of focusing on the flight apparatus is that it can be measured using specimens. In particular, the aspect ratio of the wing is a key determinant of the efficiency of long-distance flight [12, 26] . Moreover, there is empirical evidence linking HWI to the dispersal process: HWI is well correlated with migration distance among a variety of Palearctic birds [27] , average distance flown over water estimated through dispersal experiments in tropical forest birds [12, 28] and natal dispersal distances among British passerines [29] . The HWI is calculated as follows:
in which WL is the standard measure of wing length, and SL is a measure of the distance from the carpal joint to the tip of the first secondary feather [12] . For all species in our clades, three adult males-when available-were measured at the American Museum of Natural History. The average of each species was used for calculating an average HWI for each clade. We used phylogenetic comparative methods and statistical modelling techniques to determine the function that best described the relationship between dispersal ability and diversification rate. In order to account for phylogenetic non-independence among clades, we used a phylogenetic generalized least-squares regression method [30] , which uses a correlation structure derived from a lambda transformation of the phylogenetic tree of relationships among clades. To obtain the tree, we used sequences of cytb, ND2 and the recombination activating gene 1 for a representative of each clade. We then generated a maximum-likelihood tree in RAXML [31] , and transformed the tree into a chronogram in which branch lengths are proportional to time using a maximum-likelihood approach [32] .
Models of the relationship between the HWI and diversification rates were optimized using the pgls function in the R package CAPER [33] . We used a logarithmic transformation of both the HWI and the diversification rate, because it resulted in a better fit to model assumptions. We compared constant, linear and quadratic models using Akaike information criterion ( 
Results
A total of 28 clades from 21 families of birds distributed across Australasian archipelagoes satisfied our clade-selection criteria. The clades range from two to 22 species, 2.4-24.9 Myr in age, and represent a wide range of dispersal abilities (table 1) . Wing morphology data were collected for 338 specimens representing 157 species (electronic supplementary material).
The relationship between dispersal ability and diversification rates was monotonically negative (figure 1 
Discussion
We found a negative relationship between dispersal ability and diversification rates among bird clades that diversified in the discontinuous geography of Australasian archipelagoes. If opportunities for speciation were limited by dispersal across barriers, increased dispersal ability would have led to higher rates of speciation, resulting in a positive relationship between dispersal ability and diversification rate. Our discovery of a negative relationship implies that the limiting factor for speciation in this avifauna was not the chance of colonization of new islands, but the effectiveness of geographical barriers in limiting gene flow, which decreases as dispersal ability increases.
These results do not corroborate previous findings of an intermediate dispersal pattern in the avifauna of Australasian archipelagoes in which diversification was highest at intermediate levels of dispersal ability [10, 11] . When we used Mayr & Diamond's [11] taxonomy-based index of diversification that does not take clade age into account, a unimodal pattern emerged (albeit not significant, figure 2 ). This suggests that the discrepancy between our results and Mayr & Diamond's [11] is not owing to differences in taxonomic sampling or dispersal ability estimates. Rather, it is the direct estimation of diversification rates that revealed a negative relationship. Taxonomy-based indices of speciation across clades that do not consider clade age are measures of total lineage richness rather than a proxy for diversification rates and can be misleading because they are sensitive to differences in clade age.
While the influence of extinction is not directly testable, we expect extinction to have weakened the negative relationship we found between dispersal ability and net diversification rates. This is because species that are poor dispersers are expected to experience higher rates of extinction (and thus, lower net diversification rates) owing to reduced range size [59] [60] [61] or reduced rates of recolonization in metapopulation dynamics [62] . Therefore, extinction is most likely dampening a potentially steeper negative relationship.
A negative relationship between dispersal ability and diversification rates suggests a predominant role for modes of speciation limited by isolation, rather than range expansion [12] . One such mode is vicariance, which is based on the subdivision of widespread ancestral biotas. Vicariance has not been considered to be a significant process of speciation in archipelagoes because many islands were never connected to other landmasses in the past (i.e. isolated volcanic islands). However, at least two factors make vicariance a plausible and potentially common mode of speciation in island settings. First, most islands have not been completely isolated throughout their history, but are part of tectonically dynamic archipelagoes with complex geological histories of fragmentation and collision; this is particularly true for Wallacean and Melanesian archipelagoes [63] . Second, fluctuations in sea level can result in subdivision and reconnection of islands separated by shallow-water gaps [64] . In addition, whereas a single long-distance dispersal event usually involves an individual lineage, a single vicariance event can affect entire biotas, potentially leading to multiple speciation events. As a consequence, even if not common, vicariance can be responsible for a substantial portion of speciation events in archipelagoes. For example, a detailed analysis of Aethopyga sunbirds from the Philippines revealed that intra-island and shallow-water barrier vicariant events may have contributed as much as dispersal over deep water to the generation of the group's diversity [65] .
In addition to vicariance, evolutionary changes in dispersal ability could also generate a negative relationship between dispersal ability and diversification rates. Lineages may expand their geographical ranges and colonize new islands during evolutionary phases of high dispersal ability, and then differentiate and speciate during phases of reduced dispersal ability [10, 58] . While this process may be important at smaller taxonomic scales, it cannot entirely explain the negative pattern found across clades because of the magnitude of dispersal ability differences between clades. Strong phylogenetic inertia in HWI values across clades (Pagel's l ¼ 0.99) Gallirallus philippensis belongs to a clade of mostly flightless rails [53] that has one of the highest diversification rates in the dataset. Analyses of wing shape evolution within clades and comparisons between continental and island clades may provide further insights into the macroevolutionary effects of changes in dispersal ability. What the scenarios of vicariance and changes in dispersal ability have in common is that lineages go through a phase of range expansion that is decoupled temporally from a phase of geographical isolation that can result in speciation. In the vicariance model, range expansion occurs when terrains are connected and speciation when terrains are divided by a barrier, usually the results of climatic, tectonic or geographical processes that operate over geological timescales. In the model of changes in dispersal ability, range expansion occurs when a lineage has high dispersal ability, and speciation occurs only after the evolution of a low dispersal phenotype. It is possible to conceive of other models with decoupled periods of range expansion and isolation. For example, lineages in an archipelago composed of islands that were never connected can go through a phase of range expansion during lower sea levels, when water gaps between islands become narrower, and a phase of isolation during high sea levels, when speciation is more likely [64] . This scenario provides a mechanism for the generation of a negative relationship between dispersal ability and diversification rates across oceanic islands that were never connected to other islands.
By contrast, in founder-event speciation, long-distance dispersal produces both range expansion and speciation, coupling the two processes. For example, if a rare phenomenon like a hurricane transports individuals from a lineage to a new island that they cannot reach under normal circumstances, the new population is immediately isolated from the source population, and speciation occurs soon thereafter. Whereas long-distance dispersal may be an important phenomenon determining patterns of distribution of taxa [66, 67] , our data suggest that it is not a dominant force in the generation of diversity, at least for the avifauna of Australasian archipelagoes.
Our data suggest that diversification in this region has predominantly occurred via modes of speciation in which phases of colonization are decoupled from periods of isolation. This decoupling could have occurred as a result of a dynamic geography (i.e. a vicariance model), evolutionary changes in dispersal ability, or fluctuations in the permeability of barriers (e.g. sea-level fluctuations). While we cannot distinguish between these mechanisms, our data do confirm that the limiting factor in speciation for these groups has been isolation, and that dispersal has inhibited diversification.
Conclusion
At a regional scale, and for a diverse group of birds, we found that dispersal ability is negatively related to diversification rates, suggesting that dispersal has inhibited avian diversification across Australasian archipelagoes. We attribute this negative relationship to a reduction in speciation rates caused by reduced efficacy of barriers to gene flow as dispersal ability increases. This also suggests that long-distance dispersal, although important for range expansion in Australasian archipelagoes, was not the limiting factor in the diversification of this avifauna. Instead, isolation has played a more important role in controlling diversification rates. The fact that dispersal has not stimulated diversification even in an extremely discontinuous geography such as Australasian archipelagoes, suggests a general inhibitory effect of dispersal on rates of global avian diversification; the expansion of empirical work beyond Australasia is needed to confirm this hypothesis, and promises to be an exciting avenue of future research.
